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l,Vork completed iu the past year

One of the most ilnportant goals in the. study of astrophysical disk systelns has been to

understand the angular momentunl transport nmchauisln. A l)rinciple a.iin of this project has

been to study and elucidate the development of the maguetorotational instability (Balbus &

Hawley 1991, ApJ, 376, 214) in accretion disks systems, and the i)roperties of the resulting

angular momentum transl)ort. As a result of work SUl)l)orte(l I)y this grant, we believe that

matters are now at a stage where the underlying mechanism of angular nionientum transport
is not in doubt: turbulence in accretion disks is MIlD turbulence. The questions that remain

relate to how this turl)ulence fits in to glol)al disk ino(lels, an(! tile level of l,url)uleiice exl)('cted

under various physical preconditions. These are har(l questions, of course, but the l)rogress

of recent years has been remarkable, and we are optimistic that inuch of the same lies ahead.

These are truly the best of times to be doing accretioll disk tlwory!

We have completed and published a study [3] demonstrating that even random con-

figurations of weak (subthermal) magnetic fiehls in accretion disks lead directly to mag-

netohydrodynamic (MIID) turbulence alld astropliysically significant angular llloinellttlnl

transport. The power spectrum of the turbulence has been studied and characterized. (It is

Kolmogorov-like.) Both the turbulence and the magnetic field are mutually self-sustaining.

tlence, in disks, the inagtletorotatioual i,lstability is a dynamo. A related stu(ly [1] exainined

the evolution of weak field conligurations in more realistic vertically-stratilied h)cal disk do-

mains. Again, self-sustaining MIlD turbulence ral)idly develops, leading to outward angular

momentum transport at a rate of el _-, 0.01, in the conventional (>disk i)arlance, where the

stress tensor is proportional to the pressure, i.e., aP. Vertical stratilication h'ads to vertical

transport of magnetic fields, but not at a level so rapid that is (luenches the instability. The

result is a disk with a weakly lnagnetized core surroun(h.'(I by regions of stronger magnetic

field, suggestive of a magiletized disk corona.

Another major project carried out during the past year investigated I)urely hydrody-

naniic lilechaliiSiliS for aligular illOtli('iltlilli t, railSl)()i't,, lii I)arli('ular, w(' s(nl#41il, l,o ('Ollil_ai'l_

the properties of the turbulence tilat liH/y (or nlay liot!) be pl'eSC'llt ill the ti)llowing tyl)es

of flows: convectively unstable disks, Rayleigh unstable disks, high I{eynohls number shear

layers, and Keplerian disks. The results of our numerical studios [2,4,5,6] ilnl)ly tha.t uo hy-

drodynamical turbulence lnechailisnl, convective or otherwise, will In'o(luce eliliance(I trans-

port in a Keplerian disk. Indeed, in ntllnerical siniulations, COllvection transports allgular

momentum inward, from regions of greater to lesser specific angular nlolnentunl [2]. Even

in a simulation in which turbulence was directly excited ill a l,_el)leriall disk by external

forcing [10], and the rms velocity tluctuations grew with time, the Reynolds stress fluctuated

about zero. Moreover, we have shown that accretion (lisks are bolh linearly and nonliliearly



stable to the large Reynolds number instabilities that beset ordiuary shear llow [4]. We have

been able to reproduce easily nonlinear high Reynolds nmnl)er instabilities (and enhanced

transport) ill pure shear tlows, but uot ill th)ws with (lilfe,'ential rotation. Tim one excel)tion
to the last statement is that disks with a constant specific angular mo,nentt, m profile were

found to be nonlinearly unstable (a new result); in fact we were able to show that the local

dynamics of such disks are equivalent to those of a shear layer. Such disks are not stabilized

by epicyclic motions. The iml)orta,we of these ('o,lstant angular ,llonwntmn (lisks lies not

with their direct astrophysicM applicability, but with tile clarity with which they illustrate

an iml)ortant principle: the key stabilizing D_/ture is the pres('nce of C,oriolis R)rces, which

in a l(eplerian ([isk are ,lever n(,gligil)le. Our stu(li(_s, whh'll colld)izl(' I)otll nu,,wrica/ and

analytic arguments, have far reaching consequences for our understanding of how turbulence

works in accretion disks: enhanced turbulent transport must be magnetic.

In addition to the cited 1)ublications, tlu.'se rcsult..s wer(" I_r('scl,t('(l i,I il_vil.('(l ta.lks [7,8]

by the PI and/or the Col at the 1996 Joint meeting of tire AI)S and AAt)T, 2-5 May, 1996,

Indianapolis, Indiana, and at the IAU Colloquiunl 163: Workshol) on "Accretion I)henomena

and Related Outflows," July 15-19, 1996, Port l)ouglas, Australia., [9,10].

OngoiT_g work

A goal in this research project has been to develop a version of the 31) MIlD code for

cylindrical coordinates as the first step toward computing global disk simulations. Prelimi-

nary testing of a such a global three-din-mnsional Mill) code has begun. Tile development

of the global hydrodynamic l)al)aloizou-l),'ingle instability has been used a.s a t('st l),'ol)le,n;

phenomena seen in earlier simulations have been reproduced (e.g., Ilawley 1991, Apa, 381,
496). Development of the MHD portions of this co(le are l)roceeding; test comparisons will

be made against the local Mill) instal)fifty simt,latiolts al,'('a(ly I)erform('(1. We alJticil)ate

that this stage will soon be coml)leted, a Ilcl that several l)rojects involving global simulations

will be carried out during the next year.

Because of the relative ease of sinmlatillg lkydrodyJmnlical turbul('n(:e in shear layers, we

will be able to follow-up on an important earlier fin(ling: shear layer turbulence does not

appear to amplify magnetic fields [10]. This is in stark contrast to the Mill) instability in

disks, which certainly does amplify fiel(ls, an(I rulls ('omlter l() a I),'('vailillg ('olll_ll(m wisdoln.

In preliminary shear layer studies, after an initi_l I)eriod of growth, the n_ag,wtic tield deca.ys

to zero. Nothing of the kind is observed in 3D accretion disks studies, althot,gll in 2l) studies

such decay is seen. Of course, there can be no (lynanm activity i,i less than three din,(.nsions,

and the qualitative similarity in the behavio,'s of shear layers and 21) Mlll) simulations may

be telling us something important. We will investigate this inuch further, and compare (at

a number of different resolutions) the b(,haviors of shear lay(,rs, (lisks, aim (li,'ectly stirred

fluids.

We shall also be continuing our investigatio,l into specific saturation mechanisms for the

MIlD instability. Si,llulations to da.te I)oi_lt to flu' ill_l)orlall('e of the sllmll-s('ah' IJIrt!l_e'tir"

Prandtl numbe_" (tile ratio of the nficroscopic viscosity to ,'esistivity). Large viscous diffusion

relative to resistive diffusion have been found to lead to l)rOl)ortionately larger final mean



B-field values. This seemsto be due to tile large viscousstressespreventing fluid elements
fi'om reconnectingfield lineswhen the resistivelength scaleis subviscous.In simulations, the
viscosity and resistivity havediffusive lel,gths set by the sizeof the grid zon_s.Of necessity,
these must be considerably larger than those appropriate to real disks, and we are well
awareof our dynamic range limitations. Nevertheless,by adding thesequantities explicitly
to the code, we can investigate something of their relative importa.nce. It is potentially

very important: the Prandtl number is likely to be extremely teJnperature-sensitive. (In a

Coulomb gas the ratio goes as the fourth power of the tempe,'ature.) If the Prandtl ratio has

strong role in regulating the effective a 1)aranmter for the disk, it needs to be understood.

We will be carrying out such simulations over the course of tim Ul_CoKni,lg year.

1996 Publications

[1] Stone, J.M., Ilawley, J.F., Gammie, C.F., & l:lalbus, S.A. 1996, "Three-l)imensional

Magnetohydrodynamical Simulations of vcrtically stratified Accretion Disks," ApJ, 463,

656-673.

[2] Stone, J.M. & Balbus, S.A. 1996, "Angular Momentum Transport in Accretion Disks

via Convection," ApJ, 464, 364-372.

[3] Hawley, J.F., Gammie, C.F., ,k Balbus, S.A. 1996, "Local Three l_)imensional Simulations

of an Accretion Disk Dynamo," ApJ, 464,690-703.

[4] Balbus, S.A., Hawley, J.F., Stone, J.M. 1996, " Nonlinear Stability, Ilydrodynamical

Turbulence, and Transport in Disks," ApJ, 467, 76-86.

[5] Balbus, S.A. and tlawley, J.F. 1996, "Origin of Turbulent Viscosity," Basic Physics of

Accretion Disks, S. Kato et al (eds), in press.

[6] Ilawley, J.V. and Ballms, S.A. 19!16, "Numerical Simulatiolls of Acc,etion l)isks: Som'ces

of Anomalous Viscosity," Basic Physics of Accretio_ Disks, S. l,[ato et al (eds), in press.

[7] Hawley, J.F. 1996, "Three Dimensional MIII) Simulations of Accretion Disks," Bull.

Amer. Phys. Soc., 41,992-993.

[8] Balbus, S.A. 1996, "The Stability of Magnetized Rotating Plasmas," Bull. Amer. Phys.

Soc., 41,993.

[9] Balbus, S.A. and Hawley, J.F. 1996, "Instability, Turbulence, and Enhanced Transport

in Accretion Disks," Accretio_ Phenomena atzd Helated OuUlou,s, D. Wickraln_singhe,

L. Ferrario, & G. Bicknell (eds), in press.

[10] Hawley, J.F. and Balbus, S.A. 1996, "Three-Dimensional Simulations of Accretion Disks,"

Accretion Phenomena and Related Outflows, D. Wickramasinghe, L. Ferrario, & G. Bick-

nell (eds), in press.

I


